Introduction
Air pollution has become a global priority in terms of minimizing the impact of CO 2 on global warming due to climate change. Moreover, during the last decade several epidemiological and experimental studies have shown the relationship between high levels of pollutants, specifically particulate matter, and morbimortality (Kim et al., 2018; Sanyal et al., 2018) , specially due to cardiovascular and respiratory diseases (Fdez-Arroyabe and Robau, 2017; Lelieveld et al., 2019; Royé et al., 2018) .
Particles suspended in gases can be classified as microparticles or nanoparticles. Microparticles have diameters in the micrometre size range, while nanoparticles are smaller than 1 mm. Nanoparticles produce very slight light scattering, thus being practically invisible, and they follow the stream lines of their carrier gas, hence not impacting on obstacles at atmospheric gas pressure (Zhiqiang et al., 2000) .
Nowadays, the social concern about the impact of aerial nanoparticles on the environment and on human health has risen significantly (Garcia-Mouton et al., 2019) . However, very few nanoparticle measurements have been performed, which makes it difficult to study their effects.
The detection of atmospheric nanoparticles and the measurement of specific properties associated with them (such as concentration, size, distribution, electrical properties and chemical composition) are necessary (Scientific Committee on Emerging and Newly Identified Health Risks [SCENIHR], 2006) . Some authors suggest that atmospheric nanoparticles and their electric field may play an important role in atmospheric processes and in heterogeneous chemical reactions that take place in the troposphere (He et al., 2019; Järvinen et al., 2017; Kubicki et al., 2016) .
The concentration and size distribution of nanoparticles as a function of aerodynamic particle size in real-time can be measured by using an Electrical Low Pressure Impactor (ELPI Ò +). In an ELPI's cascade impactor, the sampled and unipolarly charged aerosol is classified into size fractions. Electrometers are then used to simultaneously measure the currents resulting from the collected charged particles from electrically insulated impactor stages. The nominal flow rate of the instrument is 10 L/min. In the original construction, the particle size range measured by the ELPI Ò + ranges from 30 nm to 10 mm (Yli-Ojanperä et al., 2010) . Marjamäki et al. (2002) extended the electrically measured size range down to 7 nm by adding a final (in the flow direction of the device) filter stage.
Synoptic scale meteorological patterns determine the conditions for the long-range transport of atmosphere particles, while also affecting the interaction among them (Santurtún et al., 2015) . Climatologists have dealt with the topic of systematizing atmospheric circulation conditions by means of a catalog of weather types (WTs), which has led to the existence of several classification methods, both manual methods, such as those proposed by Lamb and Britain (1972) for the British Islands and semiautomatized techniques which allow for the analysis of large amounts of data in less time and effort (e.g., Esteban et al., 2006; Beck and Philipp, 2010) .
The main hypothesis of this work is that atmospheric conditions and air mass types are associated with the electric charge of nanoparticles. Additionally, we posed that atmospheric electric charge in the city of Santander is associated with local winds circulations.
The aim of this study is to describe the electrical properties of the nanoparticles measured in the north of Spain and to analyse their relationship with subjective atmospheric dispersion models and weather types.
Materials and methods
The present work studies the concentration and size distribution of nanoparticles and their relationship with meteorological conditions in Santander, a northern coastland city of Spain which has a humid temperate oceanic climate, for nearly 1 month (from 4th to 31st July 2018). Secondly, it analyzes the association between nanoparticles features and subjective and objective weather types attending to intraday oscillations.
Data and instrumentation
Meteorological data has been obtained from the Spanish Agency of Meteorology (AEMET) at the weather station of Santander CMT, (Cod. 1111X), located at 52 m above mean sea level at coordinates 3.801 W, 43.490 N. Temporal resolution of datasets is 10 min and variables recorded are temperature (Celsius), wind speed (m/s), wind direction (degrees), direction of maximum wind speed (degrees), relative humidity (%) and atmospheric pressure (hPa).
Electrical charge of nanoparticles was registered with an ELPI Ò + device ( Fig. S1 ) that was lent to the Geobiomet research group from the University of Cantabria, in the experimental frame of the COST Action 15211 Electronet, by DEKATI Company. ELPI Ò + is an electrical low pressure impactor that works with 14 channels (Dekati, 2019) . The device recorded data at the roof of one of the buildings of the University of Cantabria (UC) (Geographic location at 3.803 W, 43.471 N) for almost one month (July 2018).
ELPI Ò + was used to measure particle net charge and particle net charge size distribution in real-time. The measurements were conducted by switching the ELPI Ò + charger off with 30-40 s periods of time (at least 20 s recommended for the charger voltage to stabilize). In this setup, both positive and negatives charge levels are obtained and were measured in the different channels or impactor stages, giving the particle size fractions. The values are in femto Amperes (fA).
The collected charge nanoparticles data were debugged during most of July 2018 in 14 different classes according to the dimensions of nanoparticles from 6 nm to 10.000 nm. Values from channels 4 and 12 have been used for this study. They correspond to the dimensions of [0.054-0.071 lm] and [2.5-3.0 PM] respectively. Channel 4, henceforth Ch 0.072, is the most reliable in relation to the theoretical definition of nanomaterials [1-100 nm] (Lidén, 2011) having less rebound in the collection of samples while channel 12, henceforth Ch 3.037, corresponds to the lowest standard measurement of atmospheric particulate matter (PM 2.5). Fig. 1 presents the nominal impactor specifications for the two used channels, taken from the ELPI Ò + manual. Exact values for each specific ELPI Ò + unit can be found in the calibration data sheet of the DEKATI Ò ELPI Ò + User Manual version 1.55. Stage refers to channels; D50% [lm] is the diameter limit for each stage; and Di [lm] refers to Stokes diameter.
The nanoparticles charge data were collected every second and integrated to 10 min time intervals mean values. Extreme values were deleted using 10th and 90th percentiles for each considered channel and clean data were integrated into 1 h, 6 h and daily scales.
Trajectory modelling
In order to describe the airflow reaching Santander, Spain (3.822 W, 43.426 N) at 500 m arrival height above mean sea level (AMSL), four hours per day (00, 06, 12, 18 UTC), three-day kinematic three-dimensional back trajectories, with time intervals between consecutive trajectory points equal to 1 h, were calculated.
These back trajectories were computed by the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT, release 4.7) model (Draxler and Hess, 1998; Draxler and Rolph, 2003) . National Oceanic and Atmospheric Administration (NOAA) global reanalysis meteorological data were used (http://ready.arl.noaa.gov/HYSPLIT. php). These data were produced by the National Center for Environmental Prediction (NCEP) Global Data Assimilation System (Kanamitsu, 2002) which uses the spectral Medium-Range Forecast Model (MRF) for the weather forecast. The horizontal resolution of the trajectories matched the resolution (2.5 km Â 2.5 km) of the reanalysis data. All in all 40 vertical levels were used.
Three-dimensional trajectories were selected because they are more accurate than any other type of trajectories, including isentropic ones (Martin et al., 1990; Stohl, 1998) . The length of back trajectories depends on the distances between sources and destinations zones and the paths that the air mass follows. The degree of accuracy for any single trajectory is generally unknown unless the trajectories are analysed as part of a tracer study.
Cluster analysis of atmospheric back trajectories
The first attempts of classifications were manual (Lamb, 1972 , for the British Isles; Hess and Brezowsky, 1977, for central Europe) and were highly subjective since they depended on the investigator's experience, skills, and knowledge of the local and regional meteorological conditions. In order to reduce the subjectivity of these classifications the statistical technique of Principal Component Analysis (PCA) was introduced in early 90's. The cluster analysis (CA) was the crucial step to jump from subjectivity to ''objectivity". Kalkstein et al. (2002) compared three clustering procedures in order to select the most suitable synoptic classification scheme. Similar research results using the same techniques were published by Moody and Samson (1989) , Moody and Galloway (1988) , Esteban et al. (2006) , Philipp (2009) , Markou and Kassomenos (2010) , Remoundaki et al. (2013) among others.
Cluster analysis (CA) is a statistical technique used to group the observations into clusters such that each of them is as homogeneous as possible with respect to the clustering variables (Sharma, 1996) . This multivariate statistical method was for the first time applied to atmospheric circulations by Moody and Samson (1989) and Moody and Galloway (1988) . Since then, many researchers (Dorling et al., 1992; Dorling and Davies, 1995; Brankov et al., 1998 Markou and Kassomenos, 2010; Kassomenos et al., 2007) had applied cluster analysis techniques to categorize back trajectories.
In this work, we used the K-means hierarchical cluster analysis using SPPS statistical package (Version 20). In order to define the number of clusters we adopted the formula proposed by McGregor, 1993, Number of Clusters = 1 + 3.3logN where N is the number of cases. We found five clusters namely SW, W, NE, NW and Local. From the clusters found two of them, e.g. W and NE, are associated with longer trajectory paths while the rest three are associated with sorter trajectory paths.
Weather types
Additionally, an objective classification method called GrossWetterTypen -GWT is used to derive circulation weather types over Santander. It is based on threshold criteria where each weather type is constructed using specific coefficients to define its zonality, meridionality or vorticity. These criteria are determined as spatial correlation between the daily Mean Sea Level Pressure (MSLP) and so-called idealized prototypical patterns representing the isobars in terms of direction (i.e. W-E or N-S) or cyclonicity over a spatial domain. GWT was constructed using MSLP from ECMWF ERA-Interim (Dee et al., 2011) at every 6 h each day over a spatial territory defined as a polygon centered over Santander (~2000 km to each margin). The classification was created using the software named ''cost733class" (Philipp et al., 2014) created at the COST Action 733. The period considered to define the GrossWetter Typen -GWT was 1979-2018.
The 18 weather types were grouped into nine major categories for analytical purposes, in respect with the prevalent air advection direction and their (anti)-cyclonicity properties. The output of the proposed GWT aggregation is presented in Table 2 .
A correlations analysis for each channel upon multiple meteorological variables for data aggregated at every 10 min was calculated. The confidence level was set at 90% (two-tailed test). Five synoptic groups are considered in this case (E-SEc, S-SEa, S-SWa, W-NWa, High Local) attending to their frequency (more than 80% of the total) and their similarity to the mean back trajectories previously studied. There is a significant statistical correlation (CC = 0.49; p < 0.05) between records of both channels. Channel 4 data shows a negative correlation with air humidity (CC = -0.32; p < 0.05) and a small but significant correlation with temperature values and wind. Channel 12 is only correlated with temperature. Atmospheric pressure is not statistically related with the electrical charge of nanoparticles at this specific temporal scale.
Results

Atmospheric variables and nanoparticles electrical charge
Six hours (left) and daily (right) mean values of nanoparticles electrical charge (fA) are represented for both channels in Fig. 3 . The temporal distribution of mean charge every six hours is correlated with the hour of the day in both channels (CC = 0.40; p < 0.05).
At the six hours temporal scale, positive mean values of charge were predominant in the Ch. 0.072 being the highest charges recorded in days 13, 6, 5, 18, 24 and 25. Only days 7 and 22 recorded negative charge mean values in this channel. On contrast, values in Ch. 3.037 are well distributed between positive and negative charge values. Daily mean values of charge for Ch. 0.072 present a slightly negative trend during July while it is slightly positive for Ch. 3.037 values.
Atmospheric back trajectories and nanoparticles
From the analysis of the computed back trajectories and the classification of them using K-means cluster analysis four times per day (0,6,12,18 UTC) we found 5 clusters, describing the air masses coming from SW, W, NE, NW, in Santander while in addition an extra cluster describes the air masses moving around Santander and could be characterized as ''Local". From the clusters found only W and NE are long while the rest are short.
The mean trajectories per air mass type were computed at 500 m; Fig. 4 (a-d) shows the mean trajectories of the five clusters per 6 h. The air masses coming from W and NE, passing over Atlantic Ocean and Europe mainland respectively, have longer paths while the rest ones especially local have shorter paths.
It must be noted that ''Local" circulations are the most frequent with percentage of occurrence ranging between 42.9% and 25% (see Table 3 below). In this case, the air masses are moving around the area of Santander and have enough time to absorb the surface characteristics (marine or land) of the area. It is the warmest category since the temperature (500 m above ground) in the arrival point was between 290.3 and 293.5 K. This category combines with the smallest values of Relative Humidity (RH) (69.1-78.7%). For all the hours, the total rainfall during the route is by far the highest, ranging between 9 and 12 mm.
The second most frequent category is NW with percentage of occurrence ranging between 28.6 and 25%. It describes air masses coming from the nearby Cantabrian Sea and in most of the cases has short routes absorbing the main surface characteristics of the area passing above. This category is one, not surprising, of the most humid since the RH ranges between 85.2 and 82.7% and coldest since temperature is ranging between 287.3 and 289.5 K. The total rainfall during the route ranged between 2.2 and 3.1 mm.
The third most frequent category is SW with percentage of occurrence between 17.9 and 10.7%. It describes air masses arriving in Santander from SW. These air masses originate over the west coasts of Iberian Peninsula and in most of the cases are passing over the Iberian mainland before their arrival to Santander. Their route could be characterized as short (in most of the cases) so they probably absorb some of the surface characteristics passing over. Their temperature at the arrival point ranges between 288 and 293.1 o K and the relative humidity 67.6-84.5%. The total rainfall during the route was 0-6.6 mm.
NE category describes air masses coming from the mainland Europe (usually from France and central Europe). They are fast moving air masses with long routes, so they cannot absorb the surface characteristics of the area they passing. The percentage of occurrence of this category is 14.3-10.7%, with temperatures in the arriving point ranging between 290.2 and 292.6 K and Relative Humidity 70.3-75.3%. The total rainfall during the route was between 0.2 and 5.2 mm.
Finally, W category describes fast moving air masses with very long routes originated in the middle Atlantic Ocean. Occurrence of these air masses ranges between 7.1 and 25% depending of the hour of the day. Their temperature ranged between 298.3 and 292.3 K and relative humidity 70.8-75.9%. The total rainfall through the route was 0.2-10.7 mm depending from the hour of the day. Table 1 shows the main meteorological characteristics per back trajectory class and time (00, 06, 12, 18): Frequency expressed in percentage of occurrence (%); Temperature (K) at 500 m above ground; Atmospheric Pressure (hPa) at 500 m above ground; Rain (mm) during the whole trajectory route (72 h); Relative Humidity (%) at 500 m above ground.
In order to correlate air mass types with the electrical properties of the particles measured in Santander we took under consideration only two channels of the available 14 channels in which we have recorded electrical data. We have chosen one band with nanoparticles with diameter 0.072 lm (like 72 nm) and one band with almost PM2.5 particles (3.037 lm).
The recorded electrical charge values of PM3.037 lm and PM72 nm integrated per 6 h were studied (Figs. S2 and S3) Starting from low values charge at 6.00 UTC in all the air mass types, there is a direct effect of the solar radiation and the increase of the nanoparticles charge. For almost all the air mass types, it was found that at 12.00 UTC the nanoparticles have the higher absolute electric charge, following by the nanoparticles collected at 18.00 UTC. Dispersion of nanoparticles charge values was r = 0.057 at 00 UTC and r = 0.051 at 6 UTC, being maximum dispersion found at 12 UTC with r = 0.073.
This means that the intensity of solar radiation entails an increase of electric charge in the sub-100 nm size range and maintains for several hours. This could be a sign of new particle formation (Kerminen et al., 2018) . It is remarkable that Local circulations are combined with nanoparticles with the higher absolute electric charge, following by NW type. High values are also found with SW type while for NE and W types the nanoparticles have the lowest absolute electric charge (Fig. 5) .
On the contrary to nanoparticles, no significant differences were found in electric charge of the particles with diameter 3.037 lm concerning the hours of the day. Dispersion of values in this case are concentrated at 0 and 6 UTC respectively (r = 134.5 and r = 122.4). Much lower dispersion of values is found at noon (r = 100.9) and at 18 UTC (r = 101.4). Local circulations again present the higher absolute electric charge independently of the hour of the day following by NE type. Roughness of the city surface (buildings and topography) may introduce a wind friction factor to explain these high values but this cannot be proved in this study. High values were also found for SW type while lower values were associated with NW and W types (Fig. 6) . Salt particles coming from the sea can also play a key role in the electrical charge of nanoparticles.
Since the effect of negative/positive charge to the human health is different, we tried to separate mean values of negative and positive charge. We found that with the exception of 00:00 UTC the nanoparticles have positive charge while for 3.037 lm we found that the electric charge was mainly negative during 0 and 6 UTC trajectories. For these reasons we present Fig. 7(a-c) in which the negative/positive mean values per category and time were shown.
Electrical properties of GrossWetterTypen classification
For a better consistency, a second objective classification, the GrossWetter Typen (GWT) classification, was also computed and 18 weather type classes were initially defined for the study area (Fig. S4) .
Aggregated GWT categories frequency and description are presented in Table 2 . The group of S-SE anticyclonic is the most frequent one (24.8%), follow by high local winds (17.3%) and S-SW anticyclonic type (16.8%).
For the period 1979-2018, circulation types H and Sa were the most frequent ones. On contrast, types Wc and SWc happended relatively few times (Fig. S5 ) in the study area. Attending the month of July only, type H is the most frequent one follow by types Wa and NWa. These two types have been more frequent in the study period (with almost 50% of presence on July) than they usually are.
Channels values are analysed attending to the cyclonic and anticyclonic weather types (Fig. S6) . The electrical properties follow the same pattern for both cyclonic and anticyclonic groups. The density bins are higher for the anticyclonic groups due to the higher frequency of these weather types in July 2018 (around 80% in total). For channel 0.072, the highest value is 0,144 fA recorded during the residence of a northerly anticyclonic (Na) weather type, while channel 3.037 records the greatest intensity also during the residence of an anticyclonic type (Centre High -H) with 173.82 fA, although the relative frequency for Na in July 2018 was around 1% compared with the 12.5% for H. Lastly, we examined the links between the two studied channels and meteorological parameters in Santander adjacent to the synoptic groups that occurred in July 2018. Each synoptic group imprints a different pattern upon temperature or humidity content in the troposphere, which can affects the nanoparticles electrical charge.
We examined the Pearson correlations for each channel upon multiple meteorological variables for data aggregated at every 10 min. The confidence level was set at 95% (on a two-tailed test) meaning 2.5% to each side of distribution. Five synoptic groups are considered in this case (E-SEc, S-SEa, S-SWa, W-NWa, High Local) attending to their frequency (more than 80% of the total) and their similarity to the mean back trajectories previously studied. The variability between synoptic groups can be seen in Fig. 8 . Since each group comprise multiple synoptic types, we put altogether the channels and meteorological data specific for the days when the synoptic types in every group occurred and calculated the correlation values Generally, channel 0.072 has a significant correlation for all the synoptic groups with all the meteorological variables but humidity. On the other side, channel 3.037 is in good relation with humidity (negative correlation) during the residence of S-SEa synoptic group, possibly due to the advection of the drier air masses from the centre of Spain. Also, worth to mention here is the significant positive relation between all the channels and wind speed. The E-SEc type, being the least frequent, is the most singular in Ch PM 3.037 since it is the only one that maintains an average value of negative charge which it is not frequent in July in the study area.
Discussion
Our study has two main strengths. On the one hand, this is to the best of our knowledge the first work that characterizes the electrical charge of nanoparticles and its relationship with meteorological variables while considering intra-daily changes. On the other hand, it studies the association between weather types and nanoparticles, which could be the first step for formulating alert protocols depending on forecast atmospheric circulation patterns.
Recently, Garcia-Mouton et al. (2019) stated that the need for further information about the risks associated with the production and use of nanoparticles had led to the creation of different scientific disciplines, such as nanotoxicology (Garcia-Mouton et al., 2019) . During the last few years, the knowledge about nanoparticles from different fields, such as chemistry (Kulmala et al., 2014) , biology (Kumar et al., 2019) , medicine (Hidalgo et al., 2017; Li et al., 2016) , or physics (Sanderson et al., 2014) , has grown significantly. However, the study of nanoparticles from a climatic perspective is still in its early stages.
Our results found that atmospheric conditions affect the capacity of nanoparticles for gaining or losing electric charge, and that the effects of atmospheric variability on nanoparticle charge happen faster than in microparticles. Furthermore, this relationship suggests that Weather Types could have an effect on the electric charge of nanoparticles: in Santander, the highest average absolute charge was found under local circulations (both for nanoparticles and PM3), doubling the values of the other circulation types. Local circulations are the most frequent and warmest category. We pose that, under those patterns, in which air masses are moving around the city, the surface characteristics of the area may affect nanoparticles for a longer time, and a phenomenon of Urban Electric Island (UEI) might appear. On the other hand, the proximity of Santander to the sea and the presence of marine aerosols can also be explanatory factors for this peculiar behaviour of the electric charge of atmospheric particles.
In a study which analyzed data from Santander, whose objective was to evaluate the relationship between Particulate Matter levels and admissions due to Chronic Obstructive Pulmonary Disease depending on the origin of the air masses (by using clustering isobaric trajectories), it was concluded that when the air masses were moving around the area of Santander, the effect on respiratory health was intensified (Santurtún et al., 2017) . Although the authors hypothesized that the chemical com-position of the particles might be the main factor behind this relationship, in view of our results the electric charge could also had played a role.
The main limitation of this study is the short period for which nanoparticle charge measurements were available (our group could only use the ELPI Ò + device for 1 month). We intend to analyze a longer period, as well as study the potential seasonal effects on the electric charge of nanoparticles, in the near future.
Conclusions
In this paper an attempt was made to find possible interactions between air masses arriving in Santander, Northern Spain, and electrical properties of nanoparticles measured in Santander. It has been found that atmospheric nanoparticles charge can be used as a parameter to characterize weather type air masses electrically in the near future.
The analysis of the nanoparticles has revealed that air mass type could affect the electric charge of nanoparticles measured in the area. Specifically, coarse nanoparticles are mainly negative in charge up to 12 UTC and then turn to positive. Fine nanoparticles' charge is independent from the hour of the day and positive. Short moving air masses presented high values of electric charge.
The highest mean absolute charge is associated with local circulations in Santander (both for nanoparticles and PM3). During the morning hours both bands are associated with significant number of negatively charged ions. 72 mean values nanoparticle show a faster reaction to weather conditions in its range than PM 2.5.
Moreover, the intensity of solar radiation entails an increase of electric charge in the sub-100 nm which maintains for several hours.
Atmospheric conditions affect nanoparticles ability to obtain or lose charge. The effects of atmospheric variability on nanoparticles charge take place quicker than in the microparticles in the studied channels.
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